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Abstract: The tribocorrosion behaviour of two different hull steels (namely, EH36 and EH47) was
investigated using a ball-on-disk tribometer under varying normal loads from 10 to 100 N in a 3.5 wt%
NaCl saline solution. Sliding in pure water was also performed for a comparison purpose. The results
indicate that the corrosion products mainly consist of lath lepidocrocite (γ-FeOOH) with residual NaCl
crystals when sliding against both steels EH36 and EH47 in the saline solution. Tribocorrosion on EH36
(pearlitic steel) shows lower coefficient of friction (COF) values than those obtained in water, while
tribocorrosion on EH47 (bainitic steel) leads to higher COF values instead. The former is due to the
formation of considerable hydroxide particulates and films with small sizes. In contrast, the latter is ascribed
to the ploughing of hydroxides with smaller amounts and bigger sizes. In particular, the synergistic effects
of corrosion and wear in tribocorrosion result in much higher total materials degradation, compared to that
obtained through pure mechanical wear in water.
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1. Introduction
Hull steels are often subjected to harsh and complex environmental conditions that expedite their
degradation, especially when suffering external forces exerted by waves, wind and ocean currents.
Mechanical wear is thus generated on the contact surface of hull steel, leading to continuous damage and
loss of material. Additionally, corrosion is another important factor that aggravates material loss in marine
media. When wear and corrosion occur simultaneously, the abrasive corrosive wear is known as
tribocorrosion [1]. Tribocorrosion is a main failure cause of hull steel components in offshore applications
due to the synergistic effect of mechanical wear and corrosiveness in seawater [2]. It enables a greater loss
of material than that when wear or corrosion takes place individually [3]. In reality, total material loss
during tribocorrosion consists of the mechanical wear without corrosion, the corrosion without wear, and
the sum of the interactions between the wear and the corrosion [4].
Study on tribocorrosion behaviour of material generally involves coefficient of friction (COF) caused and
wear volume generated in a saline solution by use of ball/pin-on-disk tribo-testing configuration, which is
connected with an electrochemical workstation. Up to date, although great efforts have been made to
investigate the tribocorrosion behaviour of steel in saline solution, some research findings are still
contradictory. For instance, Liu et al. [1] used a zinc plate as a cathodic protection material clamped
underneath the steel disk, and then conducted pin-on-disk tribocorrosion tests in seawater, deionised water
and ethanol. They found that the COF and the wear rate in seawater were the highest and smallest,
respectively, among three liquids. Ortega et al. [2] investigated the effect of temperature on tribocorrosion
behaviour of high strength low-alloy steels in seawater. They revealed that a larger amount of corrosion
products (ferrous oxides) produced at a higher temperature led to a higher COF. Similar results were
obtained by Zhang et al. [4]. They pointed out that the corrosion products formed under tribocorrosion
brought forth higher COF than that caused under pure mechanical wear. However, some researchers have
drawn completely opposite conclusions. For example, Bateni et al. [5] performed wear and corrosive wear
tribological tests in the presence of NaCl solution and dry condition using medium carbon steel and 304
stainless steel. They observed that the surface oxide layer formed under corrosive condition acted as
lubricant to reduce COF for both steels. Besides, Murkute et al. [6] examined the effects of corrosion-wear
and wear-corrosion on the overall degradation of a dual phase steel and a mild steel when corrosion and
wear happened alternatively. They reported that the rust particles produced in NaCl solution gave rise to
third-body abrasive wear mechanism, which resulted in a decreased COF.
To solve the contradiction mentioned above, some factors that may influence the tribocorrosion behaviour
of hull steel can be considered, including load [4, 7, 8], velocity [9-11], temperature [2, 12], microstructure
[13-15], atmosphere [3], and hardness [16, 17]. In general, hardness plays a critical role in the frictional

and wear resistance of steel materials, even though other factors such as load and microstructure are also
of vital importance in marine environment. In the present work, to avoid the main influence of hardness on
the tribocorrosion behaviour of hull steel, two types of hull steels with similar hardness values but different
microstructures were employed to investigate their tribocorrosion behaviour in a 3.5 wt% NaCl saline
solution under different normal loads. Tribocorrosion mechanisms involved during sliding in the saline
solution were proposed according to the characterisation of surface morphology in the wear track.
2. Experimental details
2.1 Materials
A ball made of martensitic stainless steel (MSS) 440 and two different high strength hull steel disks (EH36
and EH47) were used as the friction pairs in a ball-on-disk tribometer. The chemical compositions of the
ball and disk materials are listed in Table 1. The ball being used had a diameter of 9.5 mm and a surface
roughness of 0.02 μm in Ra. The hardness of the ball was around 740 HV. The disks were machined to a
dimension of Ø40 mm × 8 mm and then grinded with a uniform surface roughness of 0.09 μm in Ra. The
mechanical properties and surface microstructures of these two disks are shown in Table 2 and Fig. 1,
respectively. It can be seen that EH36 consists of ferrite and pearlite, while EH47 is composed of ferrite
and bainite. Regardless of their differences in chemical compositions and microstructures, EH36 and EH47
have almost identical hardness values, showing approximately 206.6 and 205.8 HV, respectively. Surface
morphologies and 3D profiles of the friction pairs are shown in Fig. 2. It is observed that the ball surface is
relatively smooth, while the disks have apparent scratches on their surfaces. The rough surfaces were
obtained in accordance with the actual surface conditions of steels.
Table 1 Chemical compositions of the ball and disk materials (wt%).
Materials

C

Si

Mn

Cr

Ni

Mo

Nb + V + Ti

Ball-MSS 440

1.0

0.3

0.5

17.5

0.5

0.5

-

Disk-EH36

0.09

0.15

1.5

-

-

-

<0.1

Disk-EH47

0.07

0.2

1.42

0.07

0.79

-

0.06

Table 2 Mechanical properties of the disk materials.
Materials

Hardness/HV Yield strength/MPa

Tensile strength/MPa Elongation/%

EH36

206.6 ± 3.1

355

490-600

21

EH47

205.8 ± 1.8

390

600-690

20

(a)

(b)
Ferrite
Ferrite
Bainite

Pearlite

Fig. 1 Surface microstructures of hull steel disks: (a) EH36 and (b) EH47.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Surface morphologies and 3D profiles of the friction pairs: (a) and (b) MSS 440 ball; (c) and (d)
EH36 disk; (e) and (f) EH47 disk.
The saline solution was facilely prepared by mixing pure sodium chloride (NaCl) into distilled water with
a solute concentration of 3.5 wt%. For comparison, testing condition with pure distilled water was also used
to represent the case of pure mechanical wear without corrosion in an approximate way.

2.2 Electrochemical tests
Polarisation curve measurements for both steels EH36 and EH47 were performed using a Gill AC
potentiostat (ACM instrument, Cumbria, UK) with a sweep rate of 60 mv/min in a 3.5 wt% NaCl solution
at 20 ℃. The electrochemical active surface area of working electrode was kept at 0.2 cm2. Before the
electrochemical test, the steel samples were successively subjected to grinding with 500 # and 1200 # SiC
papers, followed by polishing with different sizes of slurries from 9 µm down to 1 µm.
2.3 Tribocorrosion tests
An Rtec MFT-5000 Multi-functional Tribometer was used to measure the coefficient of friction (COF)
through a ball-on-disk tribo-testing configuration, as shown in Fig. 3. This configuration being used was
consistent to that reported in our previous study [18] where the disk was immersed in a 3.5 wt% NaCl saline
solution with a fixed volume of 40 ml in each tribocorrosion test. By doing this, the initial experimental
conditions could be well controlled. Both the ball and disk were cleaned ultrasonically for 5 min before and
after each test.

Fig. 3 Schematic diagram of the ball-on-disk configuration used for tribocorrosion tests.

The tribo-testing conditions employed in this study are shown in Table 3. Varying normal loads of 10, 20,
50 and 100 N were applied on the ball to slide against the disk for a period of 60 min in the saline solution.
The reason of choosing a relatively long sliding time was to generate sufficient corrosion products that
could be collected for further analysis. The linear speed and radius of the wear track were 50 mm/s and 14
mm, respectively. It should be noted that a relatively low sliding speed hereby was selected to minimise the
hydrodynamic effect on testing results [19, 20]. During testing, the time histories of COF were recorded.
For each condition, the same test was repeated three times to obtain an averaged COF value from the stable
stage.
Table 3 Tribo-testing conditions at room temperature.
Normal load

Testing duration

Linear speed

Radius of wear track

Saline solution

10, 20, 50 and 100 N

60 min

50 mm/s

14 mm

3.5 wt% NaCl

2.4 Analytical techniques
Powder X-ray diffraction (XRD) was performed on a Philips PW1730 conventional diffraction meter with
Cu-Kα radiation to analyse the phase compositions in the corrosion products produced during tribocorrosion
test. In order to minimise the influence of NaCl crystals on detecting the corrosion products, the supernatant
of the saline solution collected after tribocorrosion test was replaced with distilled water three times. This
process was operated on the condition that all the corrosion products settled down to the bottom, leading to
minimum loss of the corrosion products. After that, the sunk corrosion products were dropped onto the
surface of a sample holder made of quartz glass, and then dried slowly on a hot plate. It should be noted
that a larger amount of corrosion products obtained under 100 N were used for the phase analysis, which
could result in a higher intensity during XRD testing.
The corrosion products were further analysed in terms of morphologies and phase identification using a
JEOL model JEM-ARM200F Transmission Electron Microscope (TEM) equipped with an energydispersive spectrometer (EDS).
The wear tracks of the disks after tribocorrosion tests were observed under a KEYENCE VK-X100K 3D
Laser Scanning Microscope, from which the 3D profiles of the worn zones were obtained to examine the
wear of disks. The wear-corrosion mechanisms were proposed by the use of a JEOL model JSM-6490LV
Scanning Electron Microscope (SEM) coupled with an EDS.
3. Results
3.1 Polarisation curve

Fig. 4 shows the potentiodynamic polarisation curves of steels EH36 and EH47 when immersing in the 3.5
wt% NaCl saline solution. It can be obtained that EH36 exhibits a higher corrosion rate (0.64 mA/cm2) than
that of EH47 (0.36 mA/cm2), which indicates that EH36 is more readily corroded in the saline solution
compared to EH47.
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Fig. 4 Potentiodynamic polarisation curves of steels EH36 and EH47 in 3.5 wt% NaCl solution.
3.2 Characterisation of corrosion products
The XRD patterns of the corrosion products obtained from sliding against EH36 and EH47 disks under a
load of 100 N are shown in Fig. 5. It can be seen that the corrosion products mainly consist of lepidocrocite
(γ-FeOOH) with residual NaCl precipitates regardless of the steel being used. The morphologies and phase
compositions of the corrosion products are examined using TEM-EDS and selected area electron diffraction
(SAED), as illustrated in Figs. 6 and 7. It is evident from Fig. 6a and c that the corrosion products are a
mixture of lath iron oxides and lamellar NaCl crystals, which are consistent with those reported somewhere
[21]. According to the SAED patterns displayed in Fig. 6b, the d-spacing values are 0.337, 0.295 and 0.248
nm, respectively, from the first to the third diffraction ring (counted from inside to outside). This
corresponds to (1 2 0), (0 1 1) and (0 3 1) planes successively, indicating the presence of lepidocrocite (γFeOOH) with an orthorhombic crystal structure. The fourth diffraction ring reveals a d-spacing of 0.199
nm, which accords with (2 2 0) plane by searching and comparing with the PDF card of NaCl. As can be
seen in Fig. 7, the corrosion products produced when sliding against EH47 disk in NaCl solution are also
predominated by lath γ-FeOOH.

Fig. 5 XRD patterns of corrosion products obtained when sliding against EH36 and EH47 disks under a
load of 100 N.

(a)

(b)
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(0 1 1)

(0 3 1)

(2 2 0)

(c)

Fig. 6 (a) TEM bright field image of the corrosion products, (b) SAED pattern of the region in (a), and (c)
X-ray mappings of (a) when sliding against steel EH36 under a load of 100 N.
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Fig. 7 (a) TEM bright field image of the corrosion products, (b) SAED pattern of the region in (a), and (c)
X-ray mappings of (a) when sliding against steel EH47 under a load of 100 N.

3.3 Coefficient of friction
Fig. 8 shows the COF curves over sliding time and averaged COF values obtained from the stable stages of
sliding against steel disks under different loads in water and NaCl solutions. Fig. 8a reveals the variation
trend of COF over time when sliding on steel EH36. It is found that the COF curve obtained under 10 N in
water rises continuously in the first 25 min, and then gradually stabilises in the rest of period. When the
load increases, however, the running-in periods are limited within 5 min, after which the COF curves tend
to reach a constant level until the end of the tests. A similar variation trend of COF curves over time can
also be observed in the NaCl solution. In order to compare the COF obtained in both water and NaCl
solution, averaged values selected from the stable stages of COF curves are shown in Fig. 8b. It can be seen
that the COF values are smaller in NaCl solution, compared with those generated in water when sliding
against steel EH36 under the same normal load. Beyond that, the COF decreases continuously with the
increase of normal load from 10 to 100 N in both water and NaCl solutions. In particular, the COF drops
sharply with the normal load increasing from 10 to 20 N in water, which may be attributed to the formation
of a larger amount of wear debris, suggesting a third-body lubrication [22, 23]. Another interesting
phenomenon is that there exists insignificant difference in COF between water and NaCl with the increase
of normal load, which will be discussed later. In comparison to the case occurred when sliding on steel
EH47, the running-in period of sliding in water under 10 N lasts for around 32 min, which is longer than
that of sliding on steel EH36 (see Fig. 8c). Other running-in periods can also be limited within 5 min. There
is also a declining trend towards the COF variation with increasing the normal load both in water and NaCl
solutions, as shown in Fig. 8d. However, the COF exhibits a higher level in NaCl than that in water
regardless of the normal load being applied. It is worth noting that sliding on steel EH36 brings forth lower
COF values than that of sliding on steel EH47 in NaCl solution under the same tribo-testing conditions.
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Fig. 8 COF curves over sliding time using (a) EH36 and (c) EH47, and averaged COF values obtained from
the stable stages of sliding against (b) EH36 and (d) EH47 under different loads in water and NaCl solutions.
3.4 Wear of disk
Fig. 9a, c and e demonstrate the 3D images and corresponding cross-sectional profiles of the disk wear
obtained when sliding against EH36 disks in NaCl solution under loads of 10, 50 and 100 N, respectively.
It reveals that the disk wear aggravates with the increase of normal load. A particular phenomenon is that
the bumps in red are distributed inside the wear tracks. These bumps are supposed to be corrosion products,
which will be discussed in SEM images. In contrast, the bumps are rarely found in the wear tracks of EH47
disks, as illustrated in Fig. 9b, d and f. The disk wear, however, is much higher than that obtained in EH36
under the same tribo-testing conditions. Increasing the normal load applied on EH47 disks, similarly, would
result in increased disk wear. Fig. 10 compares the total wear of disks between the use of water and NaCl
solution under different loads. It is obvious that tribocorrosion leads to more severe disk wear than that
obtained under pure mechanical wear in water.

(a)

(c)

(e)
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Wear area 940 μm2
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(d)

(f)
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Wear area 1408 μm2

Fig. 9 3D images and corresponding cross-sectional profiles of the disk wear obtained in NaCl solution
using EH36 (a, c and e), and EH47 (b, d and f) under loads of (a, b) 10, (c, d) 50 and (e, f) 100 N.

2000

EH36-Water
EH47-Water

EH36-NaCl
EH47-NaCl

Wear area/µm2

1500

1000

500

0

0

10

20

30

40

50

60

70

80

90

100

Load/N
Fig. 10 Wear areas of disks under different loads in water and NaCl solutions.
4. Discussion
Fig. 11 presents the SEM images and X-ray mappings of the worn surfaces of steel EH36 under different
loads in NaCl solution. It is found from Fig. 11a that corrosion pits and scratches are generated inside the
wear track after sliding with 10 N, although a small amount of corrosion products (γ-FeOOH) can also be
observed. Therefore, pitting corrosion is the dominant form of corrosion, and abrasive wear prevails as the
corrosion products cannot completely separate the ball and disk during the sliding process. However, the
presence of γ-FeOOH contributes to a lower COF than that obtained under pure mechanical wear in water
(see Fig. 8b), while the pitting corrosion expedites the degradation of disk materials, leading to an
aggravated disk wear (see Fig. 10). With increasing the normal load to 50 N, it is evidently shown in Fig.
11b that γ-FeOOH bumps appear instead of forming corrosion pits. Apart from that, the corrosion products
spread over the wear track, and γ-FeOOH films are thus formed. Such hydroxide film behaves as an
intermediate layer on the disk surface, which decreases the COF to a larger extent than that obtained under
10 N [24]. The decrease in COF with increasing normal load is also ascribed to the flattened debris [7] or

the smoothing of surface at high load as reported elsewhere [8, 25]. A further increase in normal load to
100 N in NaCl solution is inclined to smash γ-FeOOH bumps and films into particulates and flakes (see
Fig. 11c), which may further decrease the COF. Meanwhile, an increase in normal load results in increased
amounts of wear debris in water. These wear debris acting as third-body lubrication in water could be
comparable to the lubrication effect of γ-FeOOH produced in the NaCl solution when the normal load
increases up to 100 N. Therefore, the COF difference between water and NaCl environment at higher loads
becomes smaller (see Fig. 8b). As the disk suffers from wear and corrosion simultaneously in the NaCl
solution, the mechanical and corrosion-accelerated wear lead to much more disk degradation, compared
with that obtained in water. With the increase of normal load, the synergistic effects of wear and corrosion
become increasingly significant, and therefore resulting in increased disk wear.

(a)

Corrosion pits

γ-FeOOH
Scratch

(b)
γ-FeOOH
Scratch

(c)
γ-FeOOH
Mild scratch

Fig. 11 SEM images and X-ray mappings of the worn surfaces of steel EH36 under loads of (a) 10 N, (b)
50 N, and (c) 100 N in 3.5 wt% NaCl solution.

Fig. 12 shows the SEM images and X-ray mappings of the worn surfaces of steel EH47 under different
loads in NaCl solution. It can be seen from Fig. 12a that there are a large amount of corrosion pits inside
the wear track where apparent corrosive wear occurs during the sliding process under 10 N. The spalling
of disk substrate caused by corrosive wear gives rise to relatively rough wear track, and hence brings forth
a higher COF than that obtained in water. Fig. 12b reveals the presence of severe scratches with similar
sizes to the γ-FeOOH bumps when sliding under 50 N, suggesting a typical characteristic of abrasive wear.
Additionally, no γ-FeOOH films are deposited inside the wear track, which is different from the case
occurred when sliding on steel EH36 (see Fig. 11b). When the normal load increases from 50 to 100 N, γFeOOH produced during tribocorrosion becomes smaller, though the severe scratches still emerge due to
the abrasive wear (see Fig. 12c). Another phenomenon is that there exists γ-FeOOH-depleted region inside
the wear track, let alone the formation of γ-FeOOH films, as shown in Fig. 11c.

(a)
Corrosion pits

(b)
Severe scratch
γ-FeOOH

(c)

No γ-FeOOH
γ-FeOOH

Severe scratch

Fig. 12 SEM images and X-ray mappings of the worn surfaces of steel EH47 under loads of (a) 10 N, (b)
50 N, and (c) 100 N in 3.5 wt% NaCl solution.

As is well known, pearlite in steel consists of ferrite and cementite. It has been reported that the presence
of high amount of cementite in pearlite microstructure deteriorates the corrosion resistance of steel [14, 26].
The main reason is that the galvanic microcells are generated between ferrite and cementite due to the
electrochemical potential difference when the steel is immersed in NaCl solution [1]. In contrast, bainitic
steel exhibits a higher corrosion resistance than that of pearlitic steel [27]. On one hand, a lower carbon
content in bainitic steel can reduce the amount of cementite [28]. On the other hand, ferrite has higher
activity and dissolution rates than the bainite [29]. As can be seen in Fig. 1, steel EH36 consists of ferrite
and pearlite, while steel EH47 is composed of ferrite and bainite. It should be noted that EH36 owns more
ferrite than EH47. It is thus certainly clear that steel EH47 outperforms steel EH36 in the corrosion
resistance. The corrosion rates obtained from polarisation curves (see Fig. 4) can also support this view. As
a result, a larger number of corrosion products (γ-FeOOH) are generated in the wear track of steel EH36,
compared to those obtained in steel EH47. The X-ray mappings shown in Figs. 11 and 12 compare the
different amounts of corrosion products when sliding against different steel disks. As shown in Fig. 12c, in
particular, γ-FeOOH-depleted region can be observed in the wear track of steel EH47, which further
supports its higher corrosion resistance than that of steel EH36. Therefore, the presence of considerable
corrosion products during tribocorrosion process leads to lower COF values than those obtained in pure
mechanical wear (see Fig. 8b), as the abundant lath hydroxides (γ-FeOOH) can separate the ball and disk
from direct contact. However, relatively less corrosion products may plough on the steel surface, which
enables higher COF values instead (see Fig. 8d). The presence of severe scratches with similar sizes to the
γ-FeOOH bumps shown in Fig. 12b and c, provides an evidence of this phenomenon. When sliding on the
same disk under the same load, as shown in Fig. 10, tribocorrosion in NaCl solution induces higher total
disk wear than that caused by pure mechanical wear in water for both EH36 and EH47 due to the synergistic
effects of corrosion and wear. Tribocorrosion on EH36 exhibits lower disk wear than that of EH47 because
of the anti-wear ability of γ-FeOOH.
5. Conclusions
In this study, ball-on-disk tribocorrosion tests were conducted in a 3.5 wt% NaCl saline solution under
varying loads using two different hull steels (EH36 and EH47). The influences of load and microstructure
on the tribocorrosion behaviour of these two hull steels were examined in terms of the COF and disk wear.
The conclusions were drawn below.
(1) The corrosion products generated during tribocorrosion process are primarily composed of lath
lepidocrocite (γ-FeOOH) with residual NaCl crystals.
(2) Tribocorrosion on steel EH36 in NaCl solution results in lower COF values than those obtained in water,
due to the formation of considerable hydroxide particulates and films with small sizes.

(3) Tribocorrosion on steel EH47 in NaCl solution leads to higher COF values than those obtained in water,
which is ascribed to ploughing of hydroxides with small amounts and big sizes.
(4) A higher corrosion resistance in steel EH47 enables higher COF and disk wear than those obtained in
steel EH36, owing to less corrosion products generated.
(5) The synergistic effects of corrosion and wear in tribocorrosion cause much higher total disk wear,
compared to that obtained under pure mechanical wear in water.
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